l. Introduction
Industrial needs can no longer be fulfilled by improving the characteristics of conventional structural materials, but require the development of so-called adaptive or smart materials whose properties may be varied in response to environmental fluctuations (external stimuli). Generally speaking these materials integrate actuating and sensing technologies into a structural material. The approach proposed in the collaborative research effort reported here is the integration ofthin shape memory alloy (SMA) wires as actuating elements in fibre reinforced polymer composites.l'2) Fibre reinforced polymers are already widely used in the fields of aerospace and sport as well as more recently in the automotive and railway sector. This is mainly due to their inherent high stiftress-toweight ratio, corrosion resistance and controlled anisotropic properties. SMAs are commercially available for a variery of actuator, clamping and fixing devices. Recently SMA wires have become commercially available with diameters below 0.2mm. These small diameters allow the direct integration of SMA wires into fibre reinforced polymer composites without loosing the structural integrity of the matrix material. In comparison to other actuating technologies, SMAs offer additional important advantages: high reversible strains (up to 6%), high damping capacity, large reversible changes of mechanical and physical characteristics, and most importantly, the ability to generate extremely high recovery stresses (up to 800 MPa).
Technology forecasts predict that adaptive composites with embedded SMA wires (abbreviated to SMA composites) will find manifold applications in new generation aircraft, cars, trains and railway systems of the future. The use of SMA composites in engineering components can result in significant improvements such as the long term reduction of life cycle costs by more than 50% and improvements of the reliability by more than 80% for different types of engineering components.
lhe development of advanced composites with embedded SMA wires is still in an embryonic stage. The literature on fibre reinforced polymer composites with embedded SMA wires is not yet very extensive and there are still many issues on the materials level which require further study. The aim of the reported research effort was to bring the fundamental knowledge of SMA composites to a level, which allows to take decisions on further industrially oriented developments.
All steps from the selection and characterisation of the material constituents (SMA wires, resin, reinforcing fibres and SMA-resin interface), the quantification of diverse mechanical, transformational, thermomechanical and functional SMA composite characteristics, and the development of a simple, larger-scale laboratory model will be discussed in this paper. By embedding SMA wires into polymer composites new functional properties are obtained. 'Materials design' is therefore a key topic in the development of SMA composites. Having solved these aspects of basic research, new perspectives are opened with respect to the development of engineering stnrctures with adaptive shape, stiftress, damping and other properties.
formational behaviour and most particularly the thermomechanical behaviour for conditions encountered during processing and activation of these SMA composites.
SMA wire inventorY
The SMA wire selection started with quantifying the requirements of the desired wires. The main concern was that for the integration in composites the SMA wires should be as thin as possible. However, (i) the price per kg increases rapidly with decreasing diameter and (ii) the quality of SMA wires below 100 pm has not been sufficiently studied' Thus it was decided that the main SMA wire diameter would be l50pm. With respect to the choice of composition, it was necessary for most applications in mind to choose a transformation temperature just above room temperature (313 to 323 K), so that the thermal cycling to activate the relevant component was as small as possible. Low hysteresis and a reproducible behaviour were also desirable. ln addition' some superelastic wires were considered for energy absorption upon impact. Different types of SMA wires were evaluated: NiTi. Nili-R-phase and NiTiCu.
SltA nire ProPerties
To enablc' the \elL'ctlon oi a suitable SMA wire for a given S\tA composite application. tirc u ire prop€rties had to be determined firsr-Since ttre informarion from the SMA suppli ers \r'as not sufficient to allou proPer selection an extensive in-house evaluation g'as conducted-The ransformational, thermomechanical and stabilitl behasiour. and the surface characteristics were investigatedThe transformational characteristics of tlre rrires" including the transformation temperirtures and heas' rlere determined using Differential Scanning Calorimetry t DSC t' Transformation strains and stresses. Young's modulus and electrical resistance were determined by thermomec-hanical analysis using a specially designed testing apparatus-.'' Accurate ttrrmomechanical experiments cannot be conducted b1 conrentional tensile testing equipment due to the compler coupled strain and temperature requirements' This fully computerised equipment offers the possibility of complex coupled control of stress, strain and temperature and of real-time dam acquisition and processing. Computer control strategies uere developed for simulating the biasing effect of the matrix' The resulting quantitative SMA wire database could describe accurately the action of the SMA wires in the SMA composites during heating and cooling.
The characterisation of the surface condition (roughness and chemical composition), which is an important parameter for the quality of the SMA wire (fatigue, etc') and of the composite, was studied using two different methods: scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). It is worth mentioning that the wire surface condition affects the strength of the wire/resin interface, which, in turn, influences the functionality and durability of the composite.
The stability of the thermomechanical behaviour of the SMA wires is influenced by many parameters, including the composition, the final processing and heat treatment, and the training procedure. Tests on the stability of the shape memory behaviour during short-and long-term cycling have been carried out on all types of SMA wires for different thermomechanical modes: (i) thermal cycling under constant load, (ii) strain cycling at constant temperature, and (iii) temperature cycling under constant strain. These experiments were also performed on the thermomechanical testing apparatus' 2.2 Host material selection 2.2.1 Epoxy resin tn:roort
The choice of the epoxy resin was critical for the production ofthe hybrid composites and the inherent co-operation of the constituent materials. The considered parameters were (i) a low curing temperature, yet a glass transition temperature well above the transformation temperature range' (ii) optical transparency of the resin to allow Raman measurements, (iii) the potential for B-stage prepregging, and (iv) a low cost'
The LIM 211 resinproduced by the Advanced Composites Group was selected and studied by means of IR-spectroscopy' Laser Raman Spectroscopy (LRS), Dynamic Mechanical Analysis (DMA) and Differential Scanning Calorimetry (DSC). Rheometry tests were also performed to study the curing kinetics and to establish the optimum curing conditions for the epoxy resin and the composite. Finally, standard mechanical tests were performed on the epoxy systems to derive the values of modulus, strain to failure and tensile strength' All comfosite specimens were made with the same resin, except the impact specimen (see Sec. 2.3. 1). The cure cycle was determined with a ramp at 4 K/min to 343 K and 12 hours at 343K, followed by a post cure with a ramp at 0'33 K/min to 413 K and 4 hours at 413 K, to reach a Tg between 418 K and 423 K and a stable thermal expansion behaviour' 2.2.2 Aramid fibre Aramid fibres were chosen due to their Raman response and their modulus compatibility with the embedded SMA wires. r.\'ith respect to these criteria the Kevlar 29 by Du Pont uas selected since it is a well-characterised and documented fibre. u ith a low modulus, and a negative axial coeffie I o[ t]rrmal erpansion'l' Standard mechanical tests were camed out on Ker lar 29 monofilaments to determine their I'oung's modulus. fracture strain and fracture strength' Mechanical tests t*.ere also conducted on a specially designed micrcrrtensometer. u hich has been constructed to apply an anial tcr ,' load on single tibres or wires and to monitor simulraneously the mechanical and Raman response' From the recorded Raman spectra well-defined relationships of the peak shili lbr the 16l I cm-r and l648cm I bands as a function of applied mechanical load were derived and were subsequentl) emploled tbr the determination of stress and strain in the embedded tibres. These calibration curyes were also employed for the determination of the internal stress distribution before. dunng and atier wire activation in the SMA composite. During the S\lA uire activation heat is generated in the wires and then dissipated into the hybrid composite' Thus the influence of temperature on the Raman spectra of Kevlar 29 fibres uas a very critical parameter. In order to clarify the effect of temperature tuo different experiments were conducted' In the first one. the influence of temperature on the Raman response of free standing aramid fibres was investigated within the 223 to 413K range. From the results it was evident that the 1611cm-l Raman band is strongly temperature dependent, while the 1648 cm-l band could be considered as temperature unaffected within the examined range' In the second experiment the influence of temperature on the Raman stress coefficient was examined for both 1611 and 1648 cm-' Raman bands. The experimental data led to the conclusion that the Raman stress coelficient is not affected by temperature for both bands. Thus a suitable methodology for evaluating the stress and temperature, independently, inside the composite at the microscopic scale was developed.5 '6) 2.3 Hybrid composite production 2.3.1 Standard SMA composite
To produce SMA composites with pre-strained SMA wires special frames carrying pre-strained SMA wires at different volume fractions, size, spacing, etc. were designed and manufactured (small frame in Fig. l) . The frames enabled SMA wires to be wound around comb-like pins, 500 pm apart, situated at both ends of the frame. One of these combs could be moved in order to pre-strain and then hold the wires at the required pre-strain value during curing. The maximum number of wires possible was 2 wires/mm, but two frames could be superimposed to provide 2 layers of wires in the final product. The laminated assembly, which combines the Kevlar prepregs and the pre-strained SMA wires, was cured in an autoclave. The frame prevented the strain recovery of the pre-strained SMA wires during heating. After curing the frame was removed.
The manufacturing route followed in this study offers unique advantages: a more homogeneous distribution of the aramid fibres around the SMA wires and, more importantly, a much better consolidation of the SMA wires. An example of a cured Kevlar composite containing strips of pre-strained embedded SMA wires is given in Fig. 2 . These bulk samples were cut into separate composites (150 x l2 mm2.; prior to testing. For all wire types unidirectional SMA composites were produced, with different SMA wire volume fractions, which were generated by wire spacing, number of wire layers and ofprepreg plies, and with different pre-strain levels, ranging from no pre-strain to the maximal shape memory strain (8% for NiTi and 67o for NiTiCu).
To perform impact experiments special SMA composites, with different SMA wire volume fractions, were produced. The samples ,1125 x l25mm}\ consisted of SMA wires embedded in a gla$i nur" ffi*atrix.'covering a width of 16mm. A Strafil G-EPI-140/142 glass fibre epoxy prepreg, from Hexcel Composites, was used. The following prepreg lay-up, [0", 45', 90', -45"12", which, from the literature,T) suggests a good resistance against delamination during impact, was used. This laminate offers the opportunity to use a variety of energies (both low and high) for the impact damage tests. The wires were aligned at different through thicknesses of the plate. The SMA impact composites were cured at 413 K for 20 minutes. In some experiments SMA glass fibre composites, with a lay-up identical to the Kevlar samples, were used as a comparison.
Aerodynamic SMA composites
To allow the production of the aerodynamic profile model new frames were designed and built, based on the existing standard frames. Figure I makes a comparison between a standard frame (small) and the model frame (big). The big frame has a modular set-up to allow the production of SMA composites with different dimensions. The production route for the aerodynamic model was identical to that of the standard SMA composites. An example of a SMA composite produced for the skin of an aerodynamic profile is given in Fig. 3 .'
SMAcompositecharacterisation
The functional properties of SMA composites are directly related to the constraining behaviour that the composite matrix exerts on the SMA wire. SMA wires that are pre-strained and embedded in a constraining matrix, when heated. act against the surrounding matrix. Recovery stresses are gradually generated within the wires during heating and the strain recovery is delayed. This phenomenon is the basis for adap tive composites. Thus all SMA composites produced were subjected to a wide range of experimental techniques in order to characterise and understand the S\lA composite behaviour. The transformational, dimensional. tensile and impact behaviourwere investigated by standard testing techniques. The interfacial, internal stress and strain, thermomechanical and vibrational behaviour were tested using new or adapted techniques. 963 11 Fig . I Comparison between the frames used for the production of the standard SMA composites (small frame) and for the production of the scaled model (big frame). 
Standard testing techniques
Dift-erential Scanning Calorimetry (DSC) was used to investigate the translbrnration temperatures and heats of the SMA composites. The composites t*'ere cut into 0-5 x 0.5 cm2 pieces and weighed approximately 7 mg. A composite without SMA u'ires. which consisted of a matrix sample with similar weight to the matrix ttaction of the specimen. wils used as a reference.s) To elaluate the influence of the recovery stresses on the dimensional change of t'ree standing SMA composites (10 x l5 mml; a Thermomechanical Analyzer (TMA) was used. The ultimate strength and strain. and Young's modulus of standard Kevlar 29-resin and SMA composites were determined by static tensile tests. The produced specimens were tested mechanically according the ASTM 3039 procedure. The impact performance of SMA composites was examined by incorporating superelastic and martensitic NiTi, NiTiCu and steel wires into a glass epoxy matrix. The impacting apparatus used was an in-house built system. The impact energies exerted on the specimens were 6J,l2J and 18 J. It should be noted that techniques that are employed to analyse impact damage for metallic specimens should be used here with caution. Composites are much more complex material systems than metals, and therefore different parameters are important.e) The mechanical fatigue behaviour was examined on a four ply SMA composite laminate with dimensions 120 x 12 x 0.5 mmr. The embedded SMA wires were NiTiCu with3To pre-strain. Cyclic fatigue was performed under extreme loading conditions namely in a strain-controlled mode with 2Hz frequency and 0.7Vo to l.8%o peak to peak strain.
Novel testing techniques
(1) SMA wire-epoxy interface evaluation (a) Pull-out A special pull-out testing technique was designed to test the interfacial shear strength between the LTM217 resin and the SMA wires. Epoxy disks, with a single SMA wire embedded in the centre, were made using silicon moulds. For each wire type, samples with six different embedded lengths were produced. An UTS tensile testing machine was used to determine the maximum pull-out force. The experimental shear strength was calculated from the pull-out force at failure, the wire diameter and the embedded length.lo) | : !' (b) Laser Raman Spectroscopy (LRS) A new method for assessing the integrity of the fibre/matrix interface in plain Kevlar 2glepoxy composites by means of LRS was developed. In the stage of specimen preparation and before autoclave curing, a small surgical cut was introduced in the upper prepreg layer. As a result a discontinuity was induced in a few number of fibres and after curing the created gap was filled with resin. The presence of this type of fibre(s) discontinuity was not expected to affect at all the mechanical properties of the composite laminate. This technique allowed the recording of the stress transfer profile at small deformations prior to fibre fracture, which occurs at relatively high strains for Kevlar fibres (-37o). By focusing the laser beam on the fibre at the discontinuity and scanning along the fibre the axial force could be measured. By considering a simple balance between the shear forces at the interface and the axial forces in the fibre, the interfacial shear stress distribution was obtained.ll)
This methodology was applied in a four-ply Kevlar 2glepoxy resin composite specimen with dimensions of 125 x l2mm2. A specially designed mechanical frame was constructed for applying tensile load in the specimen. The recording of the actual levels of applied strain were found by the Raman response as described below (3).12' l:) (c) Differential Scanning Calorimetry (DSC)
It was found that the transformation heats measured by DSC decrease substantially with increasing pre-strain of the embedded SMA *'ires.8) This is explained (i) by considering the diflerence between self-accommodating martensite (SAMl. uhich linearll decreases with pre-strain, and preferentially oriented martensite (POM), which linearly increases with pre-strain, and (ii) by applying some basic principles of the thermoelastic martensitic transformation. The SAM is not significantly influenced b1'the process of pre-straining and embedding in the matrix and can transform freely into austenite upon activation. The constraining matrix, however, suppresses very effectively the progress of the transformation of the POM variants upon activation. If the interface partially or totally debonds under a thermal load, the constraining effect of the matrix will partly or totally disappear. As a result' the stabilised POM is no longer fully constrained, can freely transform into austenite and will show an endothermic peak on the DSC curves. Thus DSC analysis can be used to investigate the integrity of the SMA composite and define a temperature window in which the SMA composite can be used safely.l+) (2\ Thermomechanicalbehaviour
The therrnomechanical (and hence the functional) properties of SMA composites are a direct outcome of the peculiar thermomechanical behaviour of the SMA wires. Pre-strained SMA wires operate during heating against the elastic stiffness of the constraining aramid-epoxy matrix. Since the strain recovery of the SMA wires is biased during heating, high recovery stresses are gradually generated by the SMA wires (and strain recovery of the SMA wires is delayed). Vice versa, during cooling the recovery stresses decrease after overcoming a temperature hysteresis (and the SMA wires become strained). A remarkable feature of the literature on SMA composites is that quantitative data on the generation of recovery stresses are very-scarce and of dubious quality. The same testing apparatus as for the SMA wires was adapted to investigate the thermomechanical behaviour of the SMA composites (see Sec.2.l.2 and 3)). (3) Internal stress and strain distribution For the determination of the stress distribution in the SMA composites during and after the SMA wire activation, a new experimental set up was constructed. This set up allowed the recording of the Raman spectra during SMA wire activation and the simultaneous control of the wire temperature. The level of activation of the embedded SMA wires was controlled electrically and the induced mechanical stresses in the aramid fibres were obtained by means of LRS. The observed influence of temperature on the recorded Raman spectra of the aramid fibres required the deconvolution of the mechanical and thermal contributions. The methodology developed here allowed the simultaneous determination of mechanical stress and temperature inside the SMA composites with a spatial resolution of 1-2pm. LRS measurements combined with a suitable statistical analysis provided accurate values for the residual stresses. Raman sampling was performed on a line normal to the flbre direction on the surface of the specimen and at steps of approximately one fibre diameter.5) (4) Vibrationalproperties
The vibration response of SMA composites activated by electrical cuffent heating was measured using a specially designed set-up. It is composed of a U-shaped sample holder, a shaker, a Laser Doppler detector and a computer to record and treat the measured signal. The composites are mounted on the holder, which allows the measurement of the force exerted by the composite on the holder arms through a wheatstone bridge. The entire sample can additionally be pre-deformed. The SMA wires are heated incrementally by direct electrical current and cooled down by convection at the matrix surface after switching ofT the current. The sample holder is fixed on a shaker, which produces given frequency vibrations perpendicular to the plane of the composite. The amplitude of the imposed vibration and the amplitude response of the sample are measured with the laser using the Doppler effect.l5) 3. Results & Discussion 3.1 SMA wire characterisation A limited overview of the typical results obtained from the SMA wire evaluation is given below. It contains information about the transformational, surface and thermomechanical behaviour. All results were systematically applied to select a suitable SMA wire for a given SMA composite design. The influence of thermal treatment and cycling on the transformation temperatures and heats of the SMA wires has been investigated and resulted in valuable knowledge for the SMA composite production. The presence of an oxide top layer on the SMA wires is believed to be beneficial for the adhesion to the epoxy. Most SMA wires have an oxide surface layer after drawing and heat treatment, ranging from a thin good adhering one (Fig. 4) to a thick loose coating (Fig. 5) . If the oxide layer is removed by polishing or etching, the resulting wire surface is very smooth, which is not beneflcial for wire/polymer adhesion. The properties of the oxide layer are hardly influenced by the thermal cycling of the wires. XPS- measurements confirmed the presence of the oxide layer. All these results are crucial for the interpretation of the interface characterisation and the selection of good adhering SMA wires. The thermomechanical analysis, giving information on the stress-strain-temperature behaviour of all available SMA wires, provides a powerful tool for the selection of the most appropriate wire for a given SMA composite application. Due to the extensive nature of these experiments only one example is shown. Figure 6 represents the stress-temperature behaviour (e : cte) of a NiTiCu wire. From this graph three characteristics of the temperature-stress behaviour of NiTiCu SMA wires can be concluded:
(i) The recovery stress of the l%o pre-strained wire starts at the A, temperature of NiTiCu. For the wire pre-strained to 67o,the recovery stress starts to increase from the beginning of the heating process, even when the temperature is below A.. A possible explanation for this phenomenon is the twostage transformation of the TiNiCu wire, which is influenced by the pre-strain level.l6)
(ii) Upon cooling, the recovery stress decreases with temperature, but does not go back to the initial stress level. Instead, the recovery stress falls back to a lower stress level at the end of the cooling process. For small pre-strain levels (lVo to 37o), the recovery stress reaches zero at RT. For large pre-strain levels (47o to 67o), the recovery stress remains at Temperature, f/ K Fig. 6 The recovery stress of NiTil2massToCu wires. The wires were pre-strained at RT and then the strain was kept constant without unloading before being therrnally cycled between RT and 413K and further cycled between RT and 383 K. The solid circle on each curve denotes the startins point of the heating process. g a nonzero stress level at RT. In the second and further cycles between RT and 383 K, the recovery stress loop is stabilised.
(iii) The rate at which the recovery stress increases with temperature decreases with increasing pre-strain. Similar conclusions were drawn for the other SMA wires and test modes (stress-strain, strain-temperature). l6)
The results allow understanding and rather accurate prediction of the generation of recovery stresses by SMA wires in complex constraining conditions, i.e. similar to the action of SMA wires in matrix materials. An important result is that the NiTiCu martensitic wires show less hysteresis and can generate substantially higher stresses than binary NiTi martensitic wires, which are the only alloys investigated in most other projects on adaptive composites. Increasing the pre-strain can narrow the hysteresis of NiTi substantially. The obsen'ations also confirm that SMA wires showing the R-phase transformation could be particularly effective for on-off control of adaptive composites.
Finally the stability (short-and long-term) of the shape memory behaviour under different modes was investigated. Figure 7 shows a short-term cycling of the three different wire types. An important result is that NiTiCu is much more stable than any binary NiTi. In general SMA wires are much more stable in constant strain mode than in constant stress mode. The practical consequence is that the tolerable stress levels in SMA wires embedded in composites can be substantially higher than originally expected. The tests have also confirmed that the behaviour associated with the R-phase transformation is extremely stable. The results finally indicate that the quality of the SMA wire surface is of extreme importance. SMA wires with a very rough surface fracture after a very limited number of cycles.
The combination of all these series of experiments provides very important basic information on the effect of curing treatments on the shape memory behaviour. It has been confirmed that the proposed curing treatment (up to 413 K) has only minor effects on the SMA wires. The results also indicate that si-enificantly higher curing temperatures could be allowed, especially in the case where low pre-strains are used. Time effects resulting in creep or stress relaxation of the SMA wires can in gEreral be neglected during curing at such temperatures. There are several indications that the curing treatment can even stabilise the shape memory behaviour, which might open interesting perspectives. From the SMA wire survey and evaluation it can be con-' cluded that NiTiCu is the most suitable wire composition for the SMA composite applications investigated in this project. The wire generates high recovery stresses, has a stable shape memory behaviour and a very narrow hysteresis loop and shows a good potential for adherence to the selected epoxy through its stable oxide layer.
S\IA composite characterisation 3.2.1 Quality of SMA composites
The SMA composite production process resulted in the successful integration of the SMA wires into Kevlar or glass epoxy matrix. Figure 8 shows a cross-section of a standard SMA composite. From this picture it can be seen that all components are combined into one integrated structure. Standard testing techniques were used to investigate the mechanical properties and the integrity of the composites. Table I shows the Young's modulus and fracture strength of SMA composites in comparison to plain Kevlar composites. Figure 9 shows the "impact performance map" of several SMA composites in comparison to other composites. This map combines the PDA and the IEC slope. The PDA slope is defined as the slope of the damage area vs incident energy and is a measure of damage resistance. The higher the PDA slope the more susceptible the material is to damage. The IEC slope is defined as the slope of the absorbed energy vs incident energy and is a measure qf the materials energy absorption capacity. The higher the IEC slope for a material, the better the internal damping and impact energy absorption. The impact performance map showed that superelastic SMA composites exhibit good damping and energy absorption capabilities compared to embedded NiTiCu or steel composites, as well as a reasonably low damage accumulation after impact. Due to the limited amount of incorporated SMA wires ( 1.8 volTo) the in- fluence of the wires on the total impact performance is somewhat minimal. In mechanical fatigue testing the first event of failure manifested itself after more than 700000 cycles at a stress of 446MPa, while the initially applied stress was 6l4MPa. The specimen exhibited longitudinal splitting as often happens in unidirectional aramid fibre/epoxy resin composites, even though a high tensile stress of 446MPa was still attained by the specimen up to 860000 cycles. These results are indicative of the high fatigue performance of the SMA composites. From all experiments mentioned above it is concluded that SMA composites with excellent mechanical properties and functional integrity can be produced. These properties themselves do not generate a new class of materials and do not bring out the special properties of SMA wires. These unique properties will be discussed in what follows.
3,2.2 T[ansformation of constrained SMA wires
The thermomechanical and functional properties of the SMA composites are directly related to the reversible martensitic transformation in the SMA wires. The gradual transformation and the related strain recovery are hampered by the presence of the stiff host-composite. The constrained martensitic transformation of pre-strained SMA wires is summarised in Fig. 10 . After pre-strain, the self-accommodating maftensite (SAM) transforms into preferentially oriented martensite (POM) ((a) to (b)). In a constrained heating process, POM only partly transforms into the parent phase (P), and the recovery stress is gradually building up ((b) to (c)). As a result, the remaining POM is further deformed by the recovery stress and finally becomes fully ckiled martensite (c). Upon cooling, the parent phase transtbrms into SA\1. and the fully oriented martensite remains unchanged. ln the second and the following constrained thermal cycles. SAIII and fully oriented martensite are clearly distinguished tdt. The revers€ transformation of SAM does not generate anv recoven stress and thus can proceed similar with that in a free condition. Therefore, the reverse transformation of SAI\1 can be easill' detected by DSC and electrical resistance measurement. The reverse transformation of POM is accompanied b1 an increasing recovery stress, and thus becomes quite slou and spreads over a large temperature range. This kind of transformation is imperceptible by DSC and electrical resistance measurement. Figure l1 shows the DSC characteristics of SMA elements embedded in composites. If the SMA elements are not prestrained, only SAM is involved in the reverse transformation, and the reverse martensitic transformation thus can proceed just as in a free condition. If the SMA elements are prestrained prior to constraining, both the SAM and POM are involved in the reverse transformation, but only the SAM shows an endothermic peak on the DSC curves. The reverse transformation of the POM spreads over a large temperature range and does not show perceivable peaks on the DSC curves. The area of the endothermic peak (transformation enthalpy) decreases with pre-strain level, and reaches zero at the maximum shape memory strain (6Va for NiTiCu).8) The experimental shear strength, given by the failure of the interface, combines the contributions of an intrinsic shear strength, which is an indicator of the interface quality, and a thermo-elastic (or thermo-visco-elastic) shear stress, which is induced during processing of the material, taking into account diverse geometrical factors. A model was used to calculate the intrinsic shear strength, which is independent of the embedded length.tz) The results were satisfactory, although some deviations were observed for the wire types with a thick (rough) oxide layer on their surface. For these cases the calculation of an "intrinsic" interfacial shear strength was not appropriate, because it exceeded the shear strength of the bulk material. This was confirmed by observation of the fracture surfaces, where cohesive failure was found for the wires with a thick oxide layer. As expected. the polished and etched wires had a lower interfacial strength than in their oxidised state. It is interesting to note that NiTiCu wires a priori similar tiom the manufacturing data reach different values of shear strength. because their surtace aspect is in fact quite different, in terms of roughness and oxide thickness. All the results for the intrinsic shear strength for each wire type are summarised in Table 2 . In general. adhesion between the epoxy resin and the u ires is sutticient for an adequate stress transfer. On NiTiCu u'ires pull-out tests under pre-strained (37o) condition, imitating the composite manufacturing route, were performed. Additionally, some of the samples were submitted to one or more activation cycles. The results showed that the interfacial shear strength is slightly lower than in the unstrained tests. However, no significant difference in shear strength between non-cycled and cycled samples was found.
(2\ LRS
In the LRS-methodology the applied tensile strain was monitored using conventional strain gauges, but the recording of the actual levels of applied strain were found by subtracting the Raman wavenumber shift distribution of the embedded fibres in the composite from the conesponding distribution of free-standing fibres in air. Then, the resulting distribution was divided by the Raman wavenumber sensitivity factor for stress or strain and was thus converted to stress or strain distribution. The mean values of each strain distribution represented r*r #* 6% 5% 4"/" 3"/" 2"/" The composite twisted at 440 K (761) due to high temperature and large recovery stresses. For glass fibre composites, one can see that a large endothermic peak appears at 161 (around 350 K) and that the thermal contraction is inverted rapidly. From 262 (around 400K) onwards, the composite begins to expand at a rate equal to that below Ar, indicating a total failure of the SMA-epoxy interface. This comparison shows the influence of the epoxy choice on the thermal integrity of the SMA composite. 3.2.4 Activation of free standing SMA composites (1) Internal stress measurement by LRS
The performed tests showed the presence of weak compressive loads in the hybrid composites, which can be attributed to curing conditions during the preparation of the composites. Furthermore there is a strong indication that increasing the wire volume fraction results in a decrease of residual stresses. This is a direct consequence of the stresses developed during curing, since the constrained wires are pre- the applied strain levels, which were 0.4,0.1 and 0.97o. An example of the measured axial fibre stress and the corresponding interfacial shear stress (ISS) profile is shown in Fig. 12 . It is worth noting that the LRS results are comparable to the pull-out results. (3) DSC For a SMA composite, if the interface partially or totally debonds under a thermal load, the constraining effect that the matrix imposes on the SMA elements will partly or totally disappear. As a result, the stabilised POM can freely transform into the parent phase and shows an endothermic peak on the DSC curves. Figure 13 shows the DSC results of SMA Kevlar fibre composites in two consecutive thermal cycles. During the first heating, a first, small endothermic peak appears on the DSC curve because of the reverse transformation of SAM. Upon furlher heating, the interface debonds Iittle by little, and POM transforms into parent phase step by step, as shown by the small sharp peaks indicated by the anows in the figure. As a result, the amount of SAM increases and the transformation enthalpy in the subsequent heating cycle will increase.
The interfacial bond strength will significantly influence the transformation characteristics of the embedded SMA elements. Figure 14 vented from conffaciltffi;f' : During activation the generated stresses on the wires are depending on both the SMA volume fraction and the level of activation. Increasing the wire volume fraction results in the generation of higher stresses, but also in a more complex stress distribution, inside the specimen, due to the wire-to-wire interaction. The determined distributions suffer from scattering, since the recorded data reflect the response of individual Kevlar fibres located at varying distances from the wires. In an attempt to reduce the resulting noise a Fast Fourier Transform technique was developed and applied. Figure 15 shows an example of the recorded fibre stress and temperature distributions across the SMA wire direction. By conducting stress measurements along the wire direction a mean value of transmitted stresses as function of the nominal SMA wire volume fraction was estimated. These mean stress values (along the wire) were of the order of 150-200MPa, independent of the wire volume fraction, and corresponded to the stresses generated by an individual SMA wire.r8) I (2) Strain behaviour
In general after the first thermal cycle, the NiTiCu SMA composites show a stable behaviour. From Figs. 14 and 16' which show the temperature-strain behaviour of SMA glass epoxy composites, four major characteristics of the strain behaviour can be found.
(i) For small pre-strain levels (1 to 37o) the composites show a positive thermal expansion before A., due to the thermal elongation of the glass fibre. The Kevlar composites initially contract (Fig. la@) ). When the temperature exceeds Ar, the recovery stress gradually builds up and the composites show a strong thermal contraction with increasing temperature. For large pre-strain levels (4 to 6Va), the composites begin to contract from the very beginning even when the temperature is below A., which is thought to be the result of the development of recovery stress below A, for large pre-strain levels (see Sec. 3. | .16).;.
(ii) The A, temperature decreases gradually with prestrain level. This is conlirmed by DSC experiments and is thought to be the result of plastic deformation induced in the previous thermal cycle.
(iii) The strain-temperature hysteresis decreases with increasing pre-strain. The two way shape memory effect (TWSME) of the NiTiCu wire is thought to be responsible for this change. For wires with small pre-strain levels, the TWSME may play an important role in the behaviour of the composite and thus the strain-temperature loops are similar to the TWSME strain loop. This influence decreases with increasing pre-strain.
(iv) The contracting strain rate decreases with increasing pre-strain. This phenomenon is related to the decrease of the stress rate of the recovery stress with pre-strain. Taking into account the thermal integrity of the SMA composites it is concluded that small pre-strain levels are more suitable for large dimensional change of the SMA composites in a defined temperature range. 14' 16) 3.2.5 Activation of clamped SMA composites (1) Stress generation
The experimental results confirm that the knowledge gained through the thermomechanical analysis of the SMA wires can be extrapolated to SMA composites, taking into acboirnt the design ffirties of the cfrmposites (matrix materials, wire density, . . . ). Increasing the volume fraction can significantly increase recovery stress levels ofthe composite, as shown in Fig. 17 . It was also found that the pre-strain level of SMA wires does not effect significantly the temperaturestress behaviour of SMA Kevlar fibre composites. Similarly to the SMA wires it was found that the stress rate decreases with increasing pre-strain. Finally, it is worth adding that stresses over 100MPa can be generated by the SMA composites. After an initial thermal cycle the SMA composites behave in a stable and reproducible way.
(2) Vibrational response ! All SMA composites subjected to vibrational analysis showed a shift in the resonance frequency upon activation, as shown in Fig. 18 . The absolute resonance frequency depends on the dimensions of the sample and on the experimental setup. Therefore, the frequency shift is used to evaluate the vibrational response. Figure 19 shows that the frequency shift increases with temperature and wire density and that at the As temperature the slope of the frequency shift changes. No significant dependence of the resonance frequency on the wire pre-strain was found. These results are similar to the stressstrain response results reported in (1). As a consequence, a simple elastic vibrational model could be used to correlate fairly well the axial stress exerted on the clamps with the vibration frequency shift. Hence, if the prediction of the composite strain or recovery stress response is possible, the resulting frequency shift upon activation can be predicted as well, knowing the geometry of the sample.le-21)
Composite design
The extensive characterisation of SMA wires, matrix materials and SMA composites resulted in a number of important guidelines for the design of SMA composites. The success of a SMA composite depends on the selection of a proper matrix and SMA wire combination. The NiTiCu-Kevlar epoxy combination was found to be suitable. A good knowledge of the thermomechanical SMA-behaviour is mandatory to assist the selection process. A thin well-adherent oxide surface layer on the SMA wires seems to provide the best adhesion and thus stress trans[er.
The SMA composite curing procedure as well as the material lay-up are of the outmost importance. Putting a pre-strain on the SMA wires is recommended, for easy handling during the SMA composite production and for attaining suitable properties. Due to the presence of elevated temperature during activation, it is of crucial importance that the Tg is as high as possible and that the resin is fully cured. The temperature window in which a SMA composite can be used safely must be delined. Otherwise composite degradation can appear during service. The wire positioning does not seem to have a strong influence as long as they are symmetrical to prevent bending of the sample. The impact performance is an exception to this statement. Both wire position and pre-strain have a strong influence on the impact quality of the composite. The wire volume fraction exerts a strong influence on the functional properties. After a first thermal cycle the composites have a stable behaviour. Subsequent cycling in a similar temperature window will not enhance possible initial degradation. Only a limited relaxation was observed and no degra- 
Conclusion
The general objective of this basic research project was the material development and characterisation of adaptive composites with embedded SMA wires. All steps from the seiection and characterisation of the material constituents up to the development of a simple, larger-scale laboratory model were followed. It can be concluded that the research of SMA composites has taken a significant step forward' SMA composiies could be successfully produced' They showed an activation behaviour, which is consistent with the model' This latter predicts the thermomechanical behaviour of SMA wires anO, wittr a simple force balance, the resulting composite behaviour. The issues of interfacial quality, internal stress dis- comoosites.23) The SMA composite design knowledge resulted in the fabrication of an aerodynamic model, shown in Fig' 20 ' The vibrational test results complied very well with intended dynamic behaviour and showed that the scaled model is stable and that its vibration properties are a function of the SMA wire activation. This industrially oriented and original realisation proved that the above mentioned achievements have broughithe knowledge on SMA composite design to a subcrl ct VI Temperature, f / K tribution and reproducibility of the behaviour were also addressed. Additionally, major technical achievements were obtained in the course ofthe project, such as the manufacturing route of large, curved shapes with 2 layers of embedded SMA wires. In conclusion, the design and manufacture of active composites based on SMA wires is now a reality, which is currently being implemented in industrial practice.
